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used for  any purpose other t h a n  in connection w i t h  a def ini te ly  
related Government procurement operation, the United States 
Government thereby incurs no responsibil i ty nor any ob1 i g a t i o n  
whatsoever, and the fac t  that  the Government may have formulated, 
furnished, or in any way supplied the s a i d  drawings,  specifications,  
or other data, i s  not t o  be regarded by implication or otherwise as 
i n  any manner licensing the holder or any other person or corporation, 
o r  conveying any rights or permission to  manufacture, use, or s e l l  
any patented invention t h a t  may i n  any way be related thereto. 
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I, 

i nc 

PURPOSE 

The purpose o f  t h i s  grant i s  t o  develop 

uding computer codes, f o r  performing eng 

methods and procedures , 
neer ing c a l c u l a t i o n s  which 

w i l l  be use fu l  f o r  t h e  Uni ted States delegat ions t o  i n t e r n a t i o n a l  

a d m i n i s t r a t i v e  conferences concerning s a t e l l i t e  communications. Our 

a t t e n t i o n  has been d i r e c t e d  exc lus ive ly  toward Fixed Sate1 l i t e  Service 

(FSS) issues dur ing  the  i n t e r i m  12 J u l y  1986 t o  14 January 1987, s ince 

t h i s  serv ice  w i l l  be a major t o p i c  a t  t h e  World Admin is t ra t i ve  Radio 

Conference i n  1988 (WARC-88). 

11, REQUIRED SATELLITE SEPARATIONS TO ACHIEVE TOTAL-LINK C/I RATIOS 

A, Introduction 

A communications s a t e l l i t e  l i n k  i n  t h e  Fixed S a t e l l i t e  Service 

(FSS), cons is ts  o f  both an upl ink from ear th  t r a n s m i t t e r s  t o  t h e  

s a t e l l i t e  and a downlink from the s a t e l l i t e  t o  rece ivers  on t h e  Earth. 

I n t e r f e r e n c e  from undesired transmissions can occur on e i t h e r  one o f  

these l i n k s .  

c a r r i e r  t o  i n t e r f e r e n c e  power r a t i o  ((71). 

The l e v e l  o f  in te r fe rence can be represented by t h e  

This i s  t h e  r a t i o  o f  t h e  

c a r r i e r  power received from a desired t ransmiss ion t o  the  t o t a l  

i n t e r f e r e n c e  power received from o ther  sate1 1 i t e  networks. 

I n  t h e  "Delta-S" approach t o  o r b i t a l  assignments reported 

prev ious ly ,  [1,2] t h e  requirements f o r  g iven C / I  p r o t e c t i o n  r a t i o s  

between s a t e l l i t e  networks were transformed i n t o  a s e t  o f  c o n s t r a i n t s  on 

t h e  o r b i t a l  l o c a t i o n s  o f  t h e  s a t e l l i t e s .  This  was done on a s i n g l e  

e n t r y  basis;  i.e., on ly  t h e  in te r fe rence between p a i r s  o f  s a t e l l i t e  

1 



networks was considered. 

was ca lcu la ted  f o r  each combination o f  two s a t e l l i t e s .  

The minimum requ i red  sa te l  l i t e  separat ion 

These ca lcu la t ions  considered on ly  the  downlink i n te r fe rence  

problem. I n  general, f o r  t h e  FSS, s i g n i f i c a n t  amounts o f  i n te r fe rence  

may be introduced on both the  u p l i n k  and the  downlink. 

t h e  method o f  c a l c u l a t i n g  the  minimum requ i red  separat ions has been 

mod i f i ed  t o  inc lude the  e f f e c t s  o f  both u p l i n k  and downlink 

i n te r fe rence .  

For t h i s  reason, 

B. Procedure 

The up l ink  i n te r fe rence  ca l cu la t i ons  are based on t h e  procedure 

descr ibed i n  C C I R  repor t  455-3 [31. The sketch i n  F igure  1 shows the  

i n t e r f e r e n c e  geometry between two sa te l  1 i t e  networks shar ing an up1 i nk 

frequency. I n  the  sketch, a t r a n s m i t t e r  i n  admin i s t ra t i on  2 i s  

i n t e r f e r i n g  wi th  the  u p l i n k  t ransmiss ion from admin i s t ra t i on  1. 

The c a r r i e r  power received a t  s a t e l l i t e  1 from the  des i red 

t r a n s m i t t e r  i n  i t s  serv ice  area i s  found f rom t h e  F r i i s  t ransmiss ion 

formula t o  be: 

The in te r fe rence power received from a t r a n s m i t t e r  i n  the  se rv i ce  area 

o f  s a t e l l i t e  2 i s  found from: 

2 



SATELLITE 2 SATELLITE I 

ADMINISTRATION 2 

F igure  1. I n t e r f e r e n c e  geometry between two s a t e l l i t e  networks sharing 
an up1 ink  frequency. 
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The fo l l ow ing  subscr ip ts  have been used i n  t h e  above equat ions:  

E ----- ear th s t a t i o n  - s ----- sate1 1 i t e  

T ----- t r a n s m i t t i n g  antenna R ----- rece iv ing  antenna 

1 ----- serv ice area from 2 ----- se rv i ce  area from 
which the  des i red 
transmission o r i g i n a t e s  t ransmiss ion o r i g i n a t e s  

beamwidth o f  an antenna 

which t h e  i n t e r f e r i n g  

0 ----- denotes t h e  ha1 f -power 

The var iab les  l i s t e d  stand f o r :  

p ----- power i npu t  t o  ea r th  t r a n s m i t t e r  

G ----- on ax is  ga in o f  an antenna 

D ----- r e l a t i v e  gain below maximum o f  an antenna 

R ----- range from ea r th  t r a n s m i t t e r  t o  s a t e l l i t e  

----- wavelength o f  u p l i n k  t ransmiss ion 

The C / I  r a t i o  o f  s a t e l l i t e  1 i s  then found from: 

( 3 )  

I n  the  above r e l a t i o n  i t  has been assumed t h a t  t h e  des i red  and 

i n t e r f e r i n g  t ransmissions are on t h e  same frequency and t h a t  t he re  i s  no 

p o l a r i z a t i o n  d i sc r im ina t i on  between the  two s ignals .  

power received f rom ea r th  t r a n s m i t t e r s  may f l u c t u a t e  due t o  l o c a l  

propagat ion e f fec ts  and p r e c i p i t a t i o n  which may be d i f f e r e n t  f o r  

I n  p rac t i ce ,  t he  

4 



t r a n s m i t t e r s  loca ted  i n  d i f f e r e n t  geographical regions. To account f o r  

t h e  poss ib le  reduct ion o f  t h e  C / I  r a t i o  a t  t h e  s a t e l l i t e  due t o  these 

fac to rs ,  an a d d i t i o n a l  fac to r ,  which t h e  C C I R  repor t  c a l l s  t h e  u p l i n k  

margin, could be inc luded i n  t h e  C / I  equation. This  term has been 

neglected i n  t h e  c a l c u l a t i o n s  reported here. 

A f u r t h e r  s i m p l i f i c a t i o n  i n  t h e  C / I  equation r e s u l t s  from assuming 

t h a t  t h e  power i n p u t  t o  each earth s t a t i o n  t r a n s m i t t e r  i s  adjusted t o  

achieve a s p e c i f i e d  power f l u x  densi ty a t  t h e  s a t e l l i t e  serv ing  t h e  

e a r t h  s t a t i o n .  Thus, 

PIGET1 P2GET2 
4nR12 - 4nR22 

". 

and 

(4 )  

The term, DsRI($,$~) r e f l e c t s  t h e  p o s i t i o n  o f  t h e  des i red 

t r a n s m i t t e r  w i t h i n  t h e  ser ivce  area o f  t h e  des i red s a t e l l i t e .  Since t h e  

l o c a t i o n s  o f  t h e  t r a n s m i t t e r s  are always chosen a t  t h e  borders o f  t h e  

a d m i n i s t r a t i o n ' s  serv ice  area, t h i s  term could be approximated as 0.5 

( o r  -3 dB). 

The denominator o f  t h e  equation determines how c l o s e l y  t h e  two 

s a t e l l i t e s  can be loca ted  t o  achieve t h e  des i red C / I .  The term 

DSRI(a,ao) r e f l e c t s  t h e  geographical separat ion o f  t h e  2 serv ice  areas. 

5 



The c l o s e r  the i n t e r f e r i n g  t r a n s m i t t e r  i s  t o  the  -3 dB contour on the  

ea r th  o f  t he  des i red s a t e l l i t e s  rece iv ing  antenna, the  grea ter  t h e  

i n t e r f e r e n c e  w i l l  be. The term DET2(0,eo) r e f l e c t s  t h e  l o n g i t u d i n a l  

separat ion o f  the  two s a t e l l i t e s  as seen from t h e  i n t e r f e r i n g  

s a t e l l i t e s .  It i s  t h i s  term can be adjusted dur ing  the  o r b i t a l  

assignment process t o  i nsu re  adequate C/I margins fo r  a l l  s a t e l l i t e s .  

The r e f l e c t i v e  gains below maximum o f  t he  ea r th  s t a t i o n  and 

s a t e l l i t e  antennas are  determined from the  reference p a t t e r n  envelopes 

shown i n  Figures 2 and 3. These pa t te rns  are found i n  t h e  CCIR 

recornmendat i ons [4,51. 

For purposes o f  comparison, t h e  ea r th  s t a t i o n  gain p a t t e r n  i s  shown 

a t  both the  t ransmi t t i ng  frequency o f  6 GHz and the  rece iv ing  frequency 

of 4 GHz. The pat te rns  shown are fo r  4.5 m pa rabo l i c  dishes. 

increase i n  the  e f f e c t i v e  s i z e  o f  t h e  antenna f o r  t h e  u p l i n k  r e s u l t s  i n  

approximately 3 dR more d i s c r i m i n a t i o n  f o r  t h e  same s a t e l l i t e  

separat ion.  For t h i s  reason, t h e  worst u p l i n k  C/I r a t i o  f o r  each 

se rv i ce  area tends t o  be greate than the  worst  downlink C/I r a t i o .  

The 

The current  vers ion  o f  t h e  computer program t o  compute t h e  minimum 

requ i red  separations f o r  a l l  pa r s  o f  s a t e l l i t e s ,  works t o  s a t i s f y  a 

s p e c i f i e d  t o t a l  l i n k  C/I r a t i o .  The l i n k  C/I r a t i o  f o r  each se rv i ce  

area i s  found by f i r s t  fnding the  worst u p l i n k  and downlink C/I r a t i o s  

f o r  each area. The worst u p l i n k  C/I i s  found by per forming an u p l i n k  

c a l c u l a t i o n  fo r  a l l  combinations o f  des i red t r a n s m i t t e r  l oca t i ons  i n  a 

s a t e l l i t e ' s  serv ice area and a l l  i n t e r f e r i n g  t r a n s m i t t e r  l o c a t i o n s  i n  

t h e  i n t e r f e r n g  s a t e l l i t e ' s  se rv i ce  area. S i m i l a r l y ,  t h e  worst downlink 
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F igure  2. S a t e l l i t e  receiv ing antenna reference pat te rn  envelope. 
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C / I  i s  found by per forming a downlink c a l c u l a t i o n  a t  each rece ive r  

l o c a t i o n  i n  t h e  s a t e l l i t e ' s  serv ice area. The l i n k  C / I  r a t i o  i s  then 

found by assuming t h a t  t he  C / I  r a t i o  on t h e  t ransmiss ion from t h e  

s a t e l l i t e  i s  t h e  same as 

r e s u l t s  i n  t h e  fo l low ing  

that  which i s  received by t h e  s a t e l l i t e .  Th is  

express i on . 

The f l ow  cha r t  d isp layed i n  F igure  4 i l l u s t r a t e s  the  procedure used 

i n  t h e  program. A b inary  search i s  used t o  l o c a t e  t h e  minimum requ i red  

separa t ion  a t  each o r b i t a l  l oca t i on  considered. It i s  assumed t h a t  f o r  

smal l  changes i n  the  l o c a t i o n s  o f  t h e  s a t e l l i t e s  t h a t  t he  on ly  angle 

used i n  the  C / I  ca l cu la t i ons  which w i l l  change s i g n i f i c a n t l y  i s  t h e  

angle o f  separat ion between t h e  two s a t e l l i t e s  as seen from t h e  e a r t h  

s ta t i ons .  Th is  i s  a reasonable approximat ion s ince  t h e  coverage 

pa t te rns  o f  t h e  s a t e l l i t e  antennas change very s l i g h t l y  as t h e  l o c a t i o n  

o f  t he  s a t e l l i t e  i s  changed s l i g h t l y .  Thus, on ly  t h e  angle l abe led  8 i n  

F igure  1 needs t o  be recalcu lated du r ing  each i t e r a t i o n .  

C, Results 

The curves d isp layed i n  Figures 5-7 i l l u s t r a t e  the  v a r i a t i o n  o f  t he  

minimum requ i red  s a t e l l i t e  separat ion values over t h e  extent  o f  t h e  

f e a s i b l e  arc  common t o  both admin is t ra t ions.  The admin is t ra t ions  i n  

ques t ion  are a l l  i n  South America. The curves are parametr ic i n  (C / I ) ,  

9 



Determine 
Feas ib le  Arc 

Common t o  Both 
Admin i s t ra t i ons  

I Th is  Locat ion t o  
843=3O I 

Compute 
Down l i n k  C / I  a t  
Each Test Point  
I n  Area 1. Save 
Worst Value. Repeat 
f o r  Area 2. 

t 
Compute Up1 i nk 

C/I f o r  Each Test Po in t  
i n  Area 2 I n t e r f e r i n g  
w i t h  Each Test Point  
i n  Area 1. Save Worst 
Value. Repeat fo r  
1 I n t e r f e r i n g  w i t h  2 

Compute ( C / I ) L  Fo r  
Each Area From 
Worst (C/I )up + ( C / I  ID 

Using 

t 

f 

Figure 4. Flow char t  i l l u s t r a t i n g  modi f ied procedure f o r  t h e  requi red 
separat i on ca l  c u l  a t  i on. 
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Figure 4. Continued. 
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Var ia t ion  of Required Separation f o r  Peru and Braz i l  
I - U N O  -95.0 4 . 0  -85.0 -80.0 -75.0 -70.0 -65.0 -60.0 -55.0 -500 -45.0 -40.0 -35.0 -50.0 -25.0 -20.0 -15.0 -0.0 
, 1 , 1 , 1 , 1 , 1 #  I I I  4 I I I I  I 1  I ,  I t  I I I I I I  I I  I n  I *  I O  

1 1 0  

(C/ I ) L=27dB P 

0 
I ~ i ' l ' I ' l O  

0 -&.O - 9 k O  -9k.O -&.O dI .0  -/5.0 -10.0 6 h . O  db.0 -d50 -5b.O -:S.O 40.0 -3k.O -30.0 -25.0 -20.0 -6.0 -0.0 
ORBITAL LONGITUDE 

Figure  5. V a r i a t i o n  of required separat ion over t h e  o r b i t a l  arc for 
s a t e l l i t e s  serving Peru and B r a z i l .  
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V a r i a t i o n  o f  Required Separat ion f o r  Urucluay and C h i l e  

I -m.o -m.o -90.0 -80.0 -70.0 -60.0 -M.O . -40.0 -30.0 
I , 1 1 1 1 1 1 1 1 1 ~ 1 ~ 1 ' ~ '  

(C/I)L=30dB : 
\ /  

0 -&.o -&.o -&.o -h.o 40.0 4 . 0  -5b.o 40.0 -30.0 
1 ' 1 '  

ORBITAL LONGITUDE 

b 
n 

0 
n 

b n  
N 

0 N 

'f 

0 

In 
0 

0 
0 

0 

F igure  6. Var ia t ion  o f  required separat ion over t h e  o r b i t a l  arc for 
s a t e l l i t e s  serv ice  Uruguay and Chi le .  
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Variation o f  Reouired Separation f o r  Proentina and Prazil 
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t h e  minimum required l i n k  C/I r a t i o .  These curves e x h i b i t  roughly t h e  

same v a r i a t i o n  o v e r  t h e  feas ib le  arc as those repor ted e a r l i e r  [6,7] i n  

which u p l i n k  in te r fe rence was not considered. That i s ,  t h e  maximum 

requ i red  separation between two serv ice  areas genera l l y  occurs near t h e  

ends o f  t h e  arc  t h a t  can be used by s a t e l l i t e s  o f  both admin is t ra t ions.  

A t  the  ends o f  the arc, t h e  topocent r i c  angle o f  separat ion between t h e  

two s a t e l l i t e s  as seen from t h e  earth,  i s  smal ler  than i t  i s  a t  t h e  

center  f o r  a given l o n g i t u d i n a l ,  o r  geocentr ic  angle o f  separation. 

D, Cost-Benefit Curves 

As described i n  an e a r l i e r  repor t  C81, t h e  margin between t h e  

c a r r i e r  power received from t h e  des i red s a t e l l i t e  and t h e  t o t a l  

i n t e r f e r e n c e  introduced from an i n t e r f e r i n g  s a t e l l i t e  l i n k  over both t h e  

u p l i n k  and downlink, i s  determined by two factors. These are t h e  

geographical separation of t h e  areas being served by t h e  two s a t e l l i t e s  

and t h e  l o n g i t u d i n a l  separat ion o f  t h e  two s a t e l l i t e s .  The f i r s t  f a c t o r  

determines t h e  amount o f  t h e  s a t e l l i t e  t r a n s m i t t i n g  antenna 

d i s c r i m i n a t i o n  f o r  t h e  downlink. The second determines t h e  amount o f  

e a r t h  s t a t i o n  t r a n s m i t t i n g  antenna d i s c r i m i n a t i o n  on t h e  u p l i n k ,  and t h e  

e a r t h  s t a t i o n  rece iv ing  antenna d i s c r i m i n a t i o n  on t h e  downlink. 

The o r b i t a l  assignment problem f o r  t h e  FSS as p r e s e n t l y  defined, 

requ i res  t h a t  the s a t e l l i t e s  cover t h e i r  s e r v i c e  areas w i t h  a s i n g l e  

e l l i p t i c a l  beam. For t h i s  reason, t h e  half-power beamwidths o f  t h e  

s a t e l l i t e  antennas are e s s e n t i a l l y  f i xed ,  and consequently, t h e  

d i s c r i m i n a t i o n  supplied by t h e  s a t e l l i t e  antennas i s  a l s o  f ixed.  The 
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d i s c r i m i n a t i o n  suppl ied by t h e  earth s t a t i o n  t r a n s m i t t i n g  and r e c e i v i n g  

antennas i s  determined by t h e i r  half-power beamwidths which may vary 

from a d m i n i s t r a t i o n  t o  admini s t r a t  ion. 

The capaci ty  o f  t h e  geostat ionary o r b i t ,  i n  terms o f  t h e  number,of 

s a t e l l i t e s  which can be assigned o r b i t s  i n  a given segment o f  t h e  arc, 

can be increased by reducing the amount o f  t h e  requ i red  separat ion 

between s a t e l l i t e  pa i rs .  Since t h i s  requ i red  separat ion i s  a f u n c t i o n  

o f  t h e  ear th  s t a t i o n  antennas, it f o l l o w s  t h a t  t h e  capac i ty  o f  a given 

segment o f  t h e  arc can be increased through a reduc t ion  i n  t h e  

hal f -power beamwidths o f  the  earth s t a t i o n  antennas. The penal ty  f o r  

t h i s  increase i n  o r b i t  capaci ty  w i l l  be an increase i n  t h e  cost o f  t h e  

e a r t h  s t a t i o n s  f o r  t h e  af fected admin is t ra t ions.  

I n  order t o  examine t h e  t radeof f  between increased o r b i t  capaci ty,  

i n  terms o f  t h e  number o f  s a t e l l i t e s  i n  a given segment o f  t h e  arc, and 

t h e  t o t a l  cost  o f  t h e  s a t e l l i t e  system, cost -benef i t  curves can be 

generated. I n  these curves t h e  t o t a l  cost  i s  def ined t o  be propor t iona l  

t o  t h e  square o f  t h e  inverse o f  the half-power beamwidths o f  t h e  e a r t h  

s t a t i o n  antennas. The curves have been ca lcu la ted  on a pa i rw ise  basis, 

w i t h  the  cost f u n c t i o n  p l o t t e d  versus t h e  maximum requi red separat ion 

va lue over t h e  feas ib le  arcs o f  the two admin is t ra t ions.  The curves 

show e i t h e r  t h e  e f f e c t s  o f  reducing t h e  t r a n s m i t t i n g  half-power 

beamwidth w i t h  t h e  rece iv ing  half-power beamwidth f i x e d  o r  v i c e  versa. 

It i s  assumed t h a t  a l l  ear th  s t a t i o n  antennas i n  t h e  serv ice  areas of 

bo th  s a t e l l i t e s  have a un i form beamwidth. 
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I 
I Examples of these curves are shown i n  Figures 8 and 9. The curves 

show t h e  extent  t o  which t h e  requ i red  separat ion between Argent ina and 

B r a z i l  can be reduced by reducing t h e  half-power beamwidths of t h e  ear th  

s t a t i o n  antennas i n  these regions. I n  t h e  f i r s t ,  t he  rece iv ing  

ha1 f-power beamwidth i s  he ld  constant a t  1.18 degrees (which corresponds 
I 
I 

I 
I t o  a d i s h  diameter o f  4.5 m under t h e  assumptions used i n  t h e  

c a l c u l a t i o n s )  wh i le  t h e  t r a n s m i t t i n g  half-power beamwidth i s  al lowed t o  

vary. I n  t h e  second, t h e  rece iv ing  hal f -power beamwidth i s  al lowed t o  

vary w h i l e  t h e  t r a n s m i t t i n g  value i s  he ld  a t  0.8 degrees (again 

corresponding t o  a 4.5 m dish) .  

I 
I 
I 

The curves i n d i c a t e  t h a t  f a i r l y  l a r g e  reduct ions i n  t h e  requ i red  

separa t ion  can be achieved by inc reas ing  t h e  t o t a l  cost  o f  t he  system 

(as def ined here) by 2 t o  3 t imes i t s  i n i t i a l  value. A p o i n t  i s  

reached, however a t  which very l i t t l e  f u r t h e r  reduc t ion  i n  separat ion 

can be achieved even f o r  l a r g e  increases i n  t h e  cost  o f  t h e  ea r th  

s ta t i ons .  A l a rge r  reduc t ion  i n  t h e  requ i red  separat ion can be obta ined 

I 

I 

I 

I by inc reas ing  the cost  o f  t h e  rece iv ing  antennas than can be achieved by 

i nc reas ing  t h e  cost o f  t h e  t r a n s m i t t i n g  antennas. 
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Figure  8. Cost funct ion f o r  ground rece iv ing  antennas i n  R r a z i l  and 
Argentina versus t h e  maximum requi  red separat ion f o r  
s a t e l l i t e s  serving Braz i l  and Argentina. 

I 

19 



3 5  
0 - 

3 
2- 

h 

N : z- 
v z -  
E -  
B 2- 
B 

r O- 

E -  

s 

: 
2 

%- 

+ -  c- I 
a *  

3 4- 
v :- 

0- 
t 

a- 
c) 

z- 

9 

Figure  9. Cost funct ion for ground t r a n s m i t t i n g  antennas i n  B r a z i l  and 
Argentina versus t h e  maximum requi red separat ion f o r  
sate1 1 i t e s  serving Braz i  1 and Argentina. 

20 

40 

I 
3 5  40 

MAX REQURED SEPARATION FOR Bf?AZIL/ARG.(MC) 

I 
I 
1 
I 
I 
1 



111. SWITCHING (PERMUTATION) ALGORITHM RESULTS 

I n  our l a s t  i n t e r i m  repor t ,  we o u t l i n e d  a new a lgor i thm t h a t  has 

been devel oped expressly f o r  sol v i  ng sate1 1 i t e  synthes is  problems. The 

new h e u r i s t i c  i s  a swi tch ing,  o r  permutation, a lgor i thm which e x p l o i t s  

t h e  observat ion t h a t  a synthesis problem i s  a c t u a l l y  comprised o f  two 

problems, an order ing  problem and a l o c a t i o n  problem [9]. 

The a lgor i thm begins by order ing t h e  s a t e l l i t e s ,  e i t h e r  according 

t o  t h e  s a t e l l i t e s '  assumed desired l o c a t i o n s  o r  on t h e  bas is  o f  a 

user -spec i f ied  ordering. 

i n t e g e r  programming (MIP) synthesis model f i r s t  suggested i n  [ l o ]  

reduces t o  a l i n e a r  program. 

p o s i t i o n  t h e  s a t e l l i t e s  i n  such a way t h a t  the  sum o f  t h e  absolute 

dev ia t ions  between t h e i r  prescr ibed l o c a t i o n s  and t h e i r  assumed desi red 

l o c a t i o n s  i s  minimized.) The inear  program associated w i t h  t h e  o r i g i n a  

o r d e r i n g  i s  solved. Next, a1 poss ib le  permutations o f  k adjacent 

s a t e l l i t e s  are sys temat ica l l y  enumerated and evaluated t o  determine i f  

any o f  them would r e s u l t  i n  a b e t t e r  synthesis so lu t ion .  The eva lua t ion  

o f  t h e  s a t e l l i t e  reorder ings i s  performed e f f i c i e n t l y ,  making use o f  

d u a l i t y  theory and s e n s i t i v i t y  analysis r e s u l t s  f o r  l i n e a r  p r o g r a m i n g  

[11,12]. 

as measured by t h e  o b j e c t i v e  funct ion,  are made. The method cont inues 

u n t i l  no more groups o f  k adjacent s a t e l l i t e s  can swi tch p o s i t i o n s  and 

produce an improved so lut ion.  A t  t h a t  t ime, t h e  method i s  terminated, 

o r  k i s  incremented and t h e  process i s  repeated. The swi tch ing  method 

For a given s a t e l l i t e  order ing,  t h e  mixed 

(The o b j e c t i v e  i n  t h i s  model i s  t o  

Any permutations that lead t o  immediately improved so lu t ions ,  

has been exercised fo r  k=2, k=3, k=4, k=5, and k inc reas ing  from 2 t o  5. 
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It has been our observat ion t h a t  t h e  swi tch ing  a lgo r i t hm w i t h  the  

' i nc reas ing  k '  opt ion produces t h e  best synthesis so lu t i ons  a t  t h e  most 

reasonable expense. I t i s  considerably  l ess  time-consuming t o  examine 

a l l  poss ib le  switches o f  immediately adjacent s a t e l l i t e s  (k=2) u n t i l  no 

more such switches produce an improved so lu t i on ,  then t o  examine a l l  

switches i nvo l v ing  th ree  adjacent s a t e l l i t e s ,  and so on, than it i s  t o  

always examine switches o f  f i v e  adjacent s a t e l l i t e s .  The r a t i o  o f  t h e  

t ime  t o  examine a l l  switches o f  k + l  adjacent s a t e l l i t e s  and t h e  t ime t o  

examine a l l  switches o f  k adjacent s a t e l l i t e s  w i t h  t h i s  a lgor i thm i s  k. 

The r a t i o  o f  times fo r  an i t e r a t i o n  w i t h  k=5 and an i t e r a t i o n  w i t h  k=2 

i s  approximately 24. Many switches can be made i n  i t e r a t i o n s  where k i s  

smal l ,  lead ing  t o  subs tan t i a l  computational savings. The on ly  switches 

made w i t h  t h e  l a rge r  values o f  k are those t h a t  could not be made w i t h  

smal le r  values o f  k. 

a lgo r i t hm are  based on computer runs made w i t h  t)le ' i nc reas ing  k '  

op t  i on. 

A l l  o f  t he  r e s u l t s  we repo r t  w i th  the  swi tch ing  

The swi tch ing a lgo r i t hm has two very d i s t i n c t  advantages over 

e x i s t i n g  exact so lu t i on  procedures. F i r s t ,  though t h e r e  i s  no assurance 

t h a t  the  swi tch ing a lgor i thm w i l l  f i n d  an opt imal s o l u t i o n  t o  a 

synthes is  problem, the  method has found f e a s i b l e  s o l u t i o n s  t o  synthes is  

problems quick ly .  Furthermore, t he  so lu t i ons  found by t h e  swi tch ing  

a lgo r i t hm have had o b j e c t i v e  funct ion values comparable t o  those found 

w i t h  t runcated  runs of exact s o l u t i o n  procedures. 

a lgor i thm can use mean-location-dependent sate1 1 i t e  separat ion values 

ins tead of t he  constant worst-case separat ion values t h a t  would be 

Second, t h e  swi tch ing  
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necessary w i t h  o ther  s o l u t i o n  techniques i f  s ignal  p r o t e c t i o n  

requirements are t o  be s t r i c t l y  enforced a t  a l l  poss ib le  l oca t i ons  f o r  

each s a t e l l i t e .  Th is  i s  made poss ib le  i n  t h e  case of t h e  permutat ion 

a1 gor i thm because approximate loca t ions  o f  the  sate1 1 i t e s  a re  known 

every t ime t h e  order ing  o f  t h e  s a t e l l i t e s  i s  changed s l i g h t l y .  Th is  

means t h a t  f i n d i n g  so lu t i ons  t o  large,  t i g h t l y - c o n s t r a i n e d  synthes is  

problems w i l l  be made easier. 

Recent computer runs made wi th  the  swi tch ing  a lgo r i t hm and an M I P  

package are summarized i n  Table 1. 

59, and 81 s a t e l l i t e s ,  respec t ive ly ) ,  on ly  t h e  swi tch ing  a lgor i thm was 

used because we t h i n k  i t  i s  u n l i k e l y  t h a t  t h e  M I P  package would have 

i d e n t i f i e d  a f e a s i b l e  s o l u t i o n  f o r  such l a r g e  problems i n  two CPU hours, 

based on our experience w i t h  smaller scenarios. 

For t h e  th ree  l a r g e r  scenar ios (36, 

It i s  encouraging t o  see that a f e a s i b l e  s o l u t i o n  was found f o r  a 

syn thes is  problem w i t h  81 s a t e l l i t e s  i n  a reasonable time. 

n o t  know how good t h e  s o l u t i o n  f o r  t h i s  l a r g e  scenar io  i s ,  t h e  q u a l i t y  

o f  t h e  so lu t i ons  found f o r  t he  smal ler  scenar ios can be assessed. I n  

two o f  f i v e  cases, t h e  swi tch ing a lgo r i t hm found a s o l u t i o n  t h a t  i s  

known ‘ to be opt imal.  

s o l u t i o n  value as t h e  best so lu t i on  found w i t h  the  M I P  package. 

d i f f e r e n c e s  i n  t h e  s o l u t i o n  values between t h e  swi tch ing  a lgor i thm and 

t h e  M I P  package were l ess  than nine percent i n  t h e  o the r  two cases. 

Though we do 

I n  a t h i r d  case, i t  found a s o l u t i o n  w i t h  t h e  same 

The 

Though we have repor ted s i m i l a r  favorab le  r e s u l t s  f o r  t h e  swi tch ing  

a l g o r i t h m  e a r l i e r  [14], t h e  f a c t  t h a t  t h e  swi tch ing  a lgo r i t hm has been 

a b l e  t o  i d e n t i f y  a f e a s i b l e  s o l u t i o n  t o  a synthes is  problem with 81 
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Table 1 

Sunwnary o f  Switching Algorithm Results 1131 

Test Number o f  Best Swi tch ing So lu t i on  Best M I P  So lu t i on  
Probl  em Sate1 1 i t e s  Value CPU Timea Value CPU Timeb -------------- ---------- --------- ----------- ------- --------- 

Europe/ North 
A f r i c a  36 121.79 541 - - 

OASTS2G1 59 443.98 1200c - - 
Western Hemi - 

sphere 81 832.46 600C - - 
Eastern Europed 12 52.74 7.34 49.87 613 

Western Europed 12 32.29 11.34 29.67* 41.4 

South Americad 13 30.44 11.35 30.44 86.4 

North A f  r i  cad 10 8.65 3.68 8.65* 3.6 

Southeast Asiad 10 23.05 5.31 23.05* 96.0 

Notes: a - Runs made on an IBM 3081-0 a t  The Ohio State Un ivers i ty .  
b - Runs made on an I B M  4341 a t  The Ohio Sta te  Un ivers i ty .  

(We be l i eve  t h e  IBM 4341 i s  approximately f o u r  t imes 

c - Run terminated prematurely a t  use r -spec i f i ed  t ime  l i m i t .  

d - Worst-case s a t e l l i t e  separat ion values used. 
* - Solut ion i s  a proven optimum. 

slower than t h e  IBM 3081-D.) 
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s a t e l l i t e s  i n  t e n  CPU minutes i s  s i g n i f i c a n t .  We t h i n k  t h a t  t h i s  i s  

t r u l y  a l a r g e  synthes is  problem, and i t  i s  u n l i k e l y  t h a t  synthes is  

problems o f  much greater  s i z e  w i l l  need t o  be solved, a t  l e a s t  f o r  

Region 2. 

IV, SWITCHING ALGORITHM SOLUTION QUALITY 

Because the  swi tch ing  a lgor i thm i s  an approximate, r a t h e r  than an 

exact,  procedure, quest ions about t h e  q u a l i t y  of t h e  so lu t i ons  found 

w i t h  t h i s  method should be addressed. 

t h a t  t he  swi tch ing  a lgor i thm i s  p rov id ing  so lu t i ons  o f  good q u a l i t y  i n  a 

reasonable time, it would be useful  t o  be able t o  assess the  q u a l i t y  

o f  so lu t i ons  a n a l y t i c a l l y  ra ther  than exper imental ly.  

assessment o f  s o l u t i o n  q u a l i t y  could a l so  be used as a s topping ru le  

w i t h  the  swi tch ing  a lgor i thm o r  even an exact procedure. 

Though we have every i n d i c a t i o n  

Such an 

We have devised an ana ly t i ca l  lower bound f o r  t h e  opt imal s o l u t i o n  

va lue t o  t h e  s a t e l l i t e  synthesis problem w i t h  t h e  o b j e c t i v e  o f  

m i  n imi  z i  ng the  sum o f  t he  absol Ute devi  a t  ions  between the  prescr ibed and 

assumed desi red l oca t i ons  o f  the s a t e l l i t e s .  We de f ine  D i  t o  be t h e  

des i red  l o c a t i o n  o f  s a t e l l i t e  i, x i  t o  be t h e  a l l o t t e d  (op t ima l )  

l o c a t i o n  o f  s a t e l l i t e  i, and A i j  t o  be t h e  requ i red  minimum separat ion 

between s a t e l l i t e s  i and j. For each p a i r  o f  s a t e l l i t e s  i and j, we 

a l s o  def ine S i j  = max IO, A i j  - 1 D i  - D j I } ,  t h e  minimum poss ib le  sum o f  

t h e  dev ia t i ons  between s a t e l l i t e  i ' s  a l l o t t e d  l o c a t i o n  and i t s  des i red 

l o c a t i o n  and between s a t e l l i t e  j ' s  a l l o t t e d  and des i red loca t ions .  For  

a t w o - s a t e l l i t e  problem, s12 i s  the  opt imal o b j e c t i v e  func t i on  value, 

i.e., 512 = 1x1 -011 + 1x2 -021. 
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I n  an n - s a t e l l i t e  problem, 

and 

j# i j# 1 

n n n  

i =1 

Hence, a lower bound on the  opt imal s o l u t i o n  value can be 

ca l cu la ted  using a problem's parameters be fore  any at tempt t o  so l  ve the  

problem i s  made. 

s o l u t i o n  value f o r  any t w o - s a t e l l i t e  problem. 

bound f o r  some o f  the  smal ler  synthes is  example problems we have 

studied. The bounds ca l cu la ted  i n  these cases were considerably  smal ler  

than t h e  known opt imal s o l u t i o n  values. 

This i s  a t i g h t  bound because i t  gives t h e  opt imal 

We have ca l cu la ted  t h i s  

The S i j  can a lso  be used t o  f i n d  a lower bound f o r  a synthes is  

problem with the o b j e c t i v e  o f  min imiz ing  t h e  l a r g e s t  o f  t h e  absolute 

dev ia t i ons  between prescr ibed and des i red  s a t e l l i t e  l oca t i ons :  
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The so lu t ion-va lue  bounds tha t  we have presented here are t h e  

r e s u l t  of our  f i r s t  at tempt t o  der ive such bounds. 

d i f f i c u l t  t o  cons t ruc t  ana ly t i ca l  bounds t h a t  are t i g h t  f o r  a l l  problem 

sizes.  However, an empi r i ca l  i n v e s t i g a t i o n  of t h e  r e l a t i o n s h i p s  between 

these bounds and t h e  opt imal  so lu t i on  values as a f u n c t i o n  o f  problem 

s i z e  might a l l ow  us t o  ad just  the bounds on t h e  bas is  o f  problem s i z e  o r  

c h a r a c t e r i s t i c s  t o  ob ta in  a b e t t e r  benchmark f o r  assessing s o l u t i o n  

q u a l i t y .  

bound, i t  would p rov ide  a simple means f o r  es t ima t ing  opt imal s o l u t i o n  

Val ues based on probl  em parameters. 

It may be q u i t e  

Though such an approach would not guarantee us a t r u e  lower  

We be l i eve  t h a t  t h e  ca l cu la t i on  o f  s o l u t i o n  value bounds i s  an 

impor tant  area o f  research. Bounds no t  on ly  f a c i l i t a t e  t h e  assessment 

o f  s o l u t i o n  q u a l i t y ,  but  they also could be use fu l  i n  e s t a b l i s h i n g  

s topp ing  c r i t e r i a  f o r  e i t h e r  an exact o r  an approximate s o l u t i o n  

procedure. 

V. STUDY OF ALTERNATE POINT ALLOTMENT MODELS 

Much o f  our recent e f f o r t  t o  so lve synthes is  problems has been 

concentrated on t h e  problem o f  minimizing t h e  sum o f  t h e  absolute 

dev ia t i ons  between prescr ibed and des i red s a t e l l i t e  locat ions.  The 

choice o f  t h i s  o b j e c t i v e  func t ion  was made by us a t  t h e  t ime we began t o  

study i n t e g e r  programming models f o r  s a t e l l i t e  synthesis.  Though we 

t h i n k  t h a t  t h i s  o b j e c t i v e  i s  a reasonable se lec t ion ,  we r e a l i z e  t h a t  

t h e r e  are  o ther  reasonable choices. Hence, we are s tudy ing  several  

synthes is  problems with d i f f e r e n t  o b j e c t i v e  funct ions.  A l l  o f  t h e  
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fo rmula t ions  are s i m i l a r  i n  form and use the  requ i red  minimum s a t e l l i t e  

separat ions developed by Wang [15]. 

Speci f i c a l  l y ,  we are s tudy ing t h e  f o l l  owing p o i n t  a1 1 otment model s : 

1. 

2. 

3. 

4. 

5. 

6. 

Minimizing t h e  sum o f  t h e  absolute dev ia t i ons  between a l l o t t e d  
and desired s a t e l l i t e  loca t ions .  

Minimizing t h e  sum o f  weighted absolute dev ia t ions  between 
a l l o t t e d  and des i red s a t e l l i t e  loca t ions ,  where the  weight f o r  
each s a t e l l i t e  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  length  o f  i t s  
f eas ib le  arc. (No f e a s i b l e  arc  cons t ra in t s  are enforced.) 

Minimizing t h e  l a r g e s t  o f  t h e  absolute dev ia t i ons  between a 
s a t e l l i t e ' s  a l l o t t e d  and des i red loca t ions .  

Minimizing the  d is tance between the  easternmost and 
westernmost a1 1 o t t e d  sa te l  1 i t e  locat ions.  

Maximizing t h e  smal lest  o f  t he  sa te l  1 i t e  separat ions beyond 
t h e  corresponding minimum requ i red  separat ion.  

Maximizing t h e  smal lest  gap between adjacent sa te l  1 i t e s .  

The second model was se lected so it could be determined i f  the re  i s  

a computational advantage t o  us ing  a weighted o b j e c t i v e  func t ion  ins tead 

o f  e x p l i c i t l y  enforc ing f e a s i b l e  arc  cons t ra in t s  as we do i n  Model 1. 

Model 3 was chosen because we t h i n k  t h a t  t h e  magnitudes o f  t h e  absolute 

dev ia t i ons  w i l l  be more near l y  equal f o r  a l l  s a t e l l i t e s  than they would 

be w i t h  e i t h e r  o f  t he  f i r s t  two models. The f o u r t h  model i s  f o r  t h e  

same problem studied by I t o  e t  a1 [161; however, we use a an MIP model 

i ns tead  o f  a nonl inear programming model. The f i f t h  model i s  s i m i l a r ,  

i n  terms o f  i t s  mission, t o  our e a r l i e r  non l inear  programming synthes is  

model because we t h i n k  i t  attempts t o  maximize c a r r i e r - t o - i n t e r f e r e n c e  

( C / I )  ra t i os .  We a l so  expect i t  t o  leave room between s a t e l l i t e s  t h a t  

cou ld  be used t o  accommodate s a t e l l i t e s  t h a t  are deployed l a t e r .  
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F i n a l l y ,  Model 6 i s  expected t o  y i e l d  so lu t i ons  s i m i l a r  t o  those o f  

Model 5, but  t he  establ ishment o f  gaps between s a t e l l i t e s  i s  d e a l t  w i th  

more d i r e c t l y .  

We w i l l  use several  scenarios w i t h  between 10 and 13 s a t e l l i t e s  i n  

our  i n v e s t i g a t i o n  o f  these problems. Each model w i l l  be solved f o r  each 

scenar io  w i t h  an M I P  package. The so lu t i ons  w i l l  be evaluated on the  

bas i s  o f  observed convergence and s o l u t i o n  time. We w i l l  a l so  

i n v e s t i g a t e  the  robustness o f  these models. One model may prov ide  

s o l u t i o n s  t h a t  would be considered good so lu t i ons  i n  another model. I n  

such a case, one model might be p re fe r red  over another because i t  can 

produce good so lu t i ons  t o  more than one model a t  l e s s  computing expense. 

I p i -  4 -..I- L I . - - A . + - . .  
I I 5 I I I V C S L I ~ ~ I , I W I  i s  not yet compiete, but  we can repo r t  some 

p r e l i m i n a r y  observations. 

Models 1, 2, and 3. These same models a l so  produce more opt imal 

s o l u t i o n s  than the  o ther  models do i n  t h e  l im i ted - t ime  runs we have 

made. 

Feasible so lu t i ons  are found most q u i c k l y  f o r  

We have a l so  observed t h a t  the so lu t i ons  t o  Models 1,2, and 3 are 

good so lu t i ons  t o  Model 4 as well. Th is  i nd i ca tes  t h a t  our pr imary 

i n t e g e r  programming model (Model 1) y i e l d s  good so lu t i ons  t o  the  i n tege r  

programming analog o f  t he  nonl inear  programming model o f  I t o  e t  a1 [17]. 

The converse i s  not t rue.  

p a r t i c u l a r l y  good when they are evaluated i n  Models 1, 2, and 3. 

Solut ions t o  Model 4 do not  appear 

We t h i n k  t h a t  t h i s  phenomenon occurs, f i r s t  o f  a l l ,  because Models 

1, 2, 3, and 4 favor  so lu t i ons  i n  which s a t e l l i t e s  a re  pos i t ioned a t  

1 ongi tudes d i  r e c t l y  overhead the i  r se rv i ce  areas i n  t e s t  problems 1 i ke 
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t h e  ones we are us ing  i n  t h i s  study. Furthermore, t h e  se rv i ce  areas i n  

our examples are  loca ted  near one another. Reca l l  t h a t  our d e f a u l t  f o r  

a s a t e l l i t e ' s  des i red l o c a t i o n  i s  the  midpoint  o f  i t s  f e a s i b l e  arc. I f  

s a t e l l i t e s  are ordered i n  such a way t h a t  they may be pos i t i oned  almost 

d i r e c t l y  overhead t h e i r  serv ice  areas (Models 1, 2, and 3 )  and t h e i r  

se rv i ce  areas are near one another, then t h e  o r b i t a l  a rc  segment i n  

which the  s a t e l l i t e s  are pos i t i oned  would tend t o  be r e l a t i v e l y  shor t  

(Model 4). Rut, i f  the  s a t e l l i t e s  are ordered i n  such a way t h a t  they 

, ..,? 

need a sho r t  arc  segment i n  which t o  res ide (Model 4), t h e r e  i s  no 

reason t o  t h i n k  t h a t  t h e  s a t e l l i t e s  w i l l  be pos i t i oned  near t h e  

midpo in ts  o f  t h e i r  f e a s i b l e  arcs (Models 1, 2, and 3 ) .  

On t h e  bas is  o f  these p re l im ina ry  observat ions,  we t h i n k  t h a t  our 

MIP synthes is  model i s  p o t e n t i a l l y  a very use fu l  model. It has been 

found t o  be somewhat robust i n  the sense t h a t  i t  y i e l d s  so lu t i ons  t h a t  

a re  o f  good q u a l i t y  i n  another important synthes is  model (Model 4). It 

i s  a l so  amenable t o  s o l u t i o n  by a promising h e u r i s t i c  procedure, t he  

sw i t ch ing  a lgo r t i hm t h a t  was described i n  Sect ion 111. Th is  

i n v e s t i g a t i o n  w i l l  be presented i n  de ta i l  i n  a master 's  t h e s i s  by Bhasin 

C181. 

V I .  PLANS FOR THE NEXT INTERIM 

I n  t h e  i n t e r i m  from 12 January 1987 t o  11 J u l y  1987, we w i l l  

con t inue our study of FSS system synthesis issues. 

w i l l  i n v e s t i g a t e  t h e  use o f  shaped-beam technology and i t s  p o t e n t i a l  

I n  p a r t i c u l a r ,  we 

impact on our synthes is  work. 

requ i red  s a t e l l i t e  separat ions would have t o  be mod i f ied  i f  we assume 

A t  a minimum,the c a l c u l a t i o n  o f  minimum 
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s a t e l l i t e s  may have shaped-beam antennas. 

complete our exper imentat ion with a l t e r n a t e  mixed i n t e g e r  programming 

synthes is  models. The swi tch ing a lgo r i t hm w i l l  cont inue t o  be app l i ed  

t o  synthes is  example problems. The devel opment o f  a n a l y t i c a l  and 

est imated s o l u t i o n  value bounds i s  t o  cont inue so t h a t  t h e  q u a l i t y  o f  

t h e  so lu t i ons  obtained t o  synthesis problems by the  swi tch ing  a lgo r i t hm 

and l im i ted - t ime  MIP runs can be more accura te ly  assessed. 

We a l so  p lan  t o  cont inue and 

Mod i f i ca t i ons  of t he  switching program are a lso  planned so t h a t  t h i s  

method can be app l ied  t o  o the r  synthesis problems. 

u l t i m a t e l y  t o  apply t h e  swi tch ing a lgo r i t hm t o  t h e  MIP analog o f  I t o  e t  

a1 ' s  non l inear  programming model 1191 and t o  t h e  problem o f  a l l o t t i n g  

a r c  segments t o  s a t e l l i t e  admin is t ra t ions [ZO]. 

Our i n t e n t i o n  i s  

I f  it i s  determined by NASA t h a t  our a t t e n t i o n  should be s h i f t e d  t o  

problems o f  g rea ter  immediate importance, we w i l l  r e d i r e c t  our e f f o r t s  

accord ing ly .  
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